With the increase in the use of recycled aggregate concrete, the demand on recycled aggregate (RA) is escalating. As such, the behaviour and characteristics of RA need to be clearly understood. In practice, the testing procedures of aggregates in Hong Kong follow those laid down in British Standard Institution (BSI) (BS: 812), which provide a good foundation for assessing properties of natural aggregates. As RA may have cement paste attached that may detach from the mass during sample preparation when repetitive soaking in water and drying are employed. Thus, the traditional testing approach for water absorption cannot give accurate results for RA, based upon which, errors in concrete mix designs may result. This paper proposes an innovative method for testing the water absorption of RA named Real-Time Assessment of Water Absorption (RAWA). The detailed testing procedure of the new method is illustrated with examples.
Introduction
There has been an overwhelming promotion of environmental management and sustainable development in Hong Kong in recent years. As a result, there is a growing awareness of environmental issues and the likely problems from deterioration of the environment.
Construction by nature is not an environmentally friendly activity. Ofori [4] provided comprehensive reviews of the effects of construction activities on the environment. These effects include land use and land deterioration, resource depletion, waste generation and various forms of pollution [1, 5] .
Construction waste is a large percentage of solid waste. In the United Kingdom, more than 50% of waste deposited in a typical landfill comes from construction [6] . whilst 70 million tons of wastes result from construction and demolition (C&D) [7] . In Australia, about 14 million tons of waste is placed into landfill areas each year, and 44% of the waste is attributed to the construction industry [8, 9] . 29% of solid-waste is from construction in USA [10] whilst 38% of solid waste comes from construction in Hong Kong [11] .
Owing to the depletion of solid waste disposal areas, the Hong Kong government has been pressing to reduce waste generation in recent years. Construction, one of the most resource-consuming industries in Hong Kong [12] [13] [14] , has to actively participate in waste reduction. The use of recycled aggregate has thus been strongly advocated [15] [16] [17] [18] [19] . The Civil Engineering Department of the Hong Kong Special Administrative Region (HKSAR) has set up a recycling plant to produce recycled aggregate in Tuen Mun Area 38 and the Buildings Department of HKSAR has issued a practice note on " Us e o f r e c y c l e d a g g r e g a t e s i n c o n c r e t e " ; and the Environment, Transport and Works Bureau has published a Technical Circular (Ref: 12/2002 ) e n t i t l e d " S p e c i f i c a t i o n s f a c i l i t a t i n g t h e u s e o f r e c y c l e d a g g r e g a t e s " .
All aim at promoting the use of recycled aggregate and setting standards and practice guidelines for the product. The Architectural Services Department of HKSAR has examined the possibility of using 20% recycled aggregate for school projects and the Hong Kong Housing Authority of HKSAR and local universities are finding ways to improve the quality of recycled aggregate.
As a result, the properties and behaviors of recycled aggregate need to be explored and fully understood. Unlike ordinary aggregate, recycled aggregate is coated with patches of cement mortar remains that increase water absorption, prolong the mixing time and affect the strength of the recycled aggregate concrete (RAC). The remains of cement paste will affect the results of experiments which were designed for ordinary natural aggregate as prescribed by the British Standard Institution (BSI) [20] .
Research Significance
This paper is intended to: (i) investigate the current BSI methodology in measuring water absorption of aggregate; (ii) examine the problems presented in measuring this property for recycled aggregate (RA); (iii) develop an alternative methodology to examine water absorption of recycled aggregate named Real-Time Assessment of Water Absorption (RAWA) in giving a more accurate and reliable measure; and (iv) explore the experimental works for RAWA with recycled aggregates and virgin aggregates.
Importance of Water Absorption of Aggregate
The overall porosity or absorptivity of aggregates depend either upon a consistent degree of particle porosity or represent an average value for a mixture of variously high and low absorption materials [21] . One of the marked physical differences between RA and natural aggregate results from higher water absorption rate. The higher water absorption of the coarse aggregate resulted from the higher absorption rate of cement mortar attached to the aggregate particles [22] [23] [24] . This characterizes concrete made with higher water absorption recycled aggregate reduced compressive strength and resistance to freezing and thawing than with ordinary aggregate [23] .
Normally, recycled aggregate is more absorptive than natural aggregate. Water absorption lies around 3 to 10 percent for recycled aggregate and from less than 1 up to 5 percent for natural aggregates [25] [26] [27] [28] [29] . When this overall absorption is reasonably consistent among particles, such values are unlikely to be problematic in most concrete, providing that the average values are known and can be taken into account in the mix design and batching. Hence, it is important to know the water absorption rates of RA at the mix design stage. In some circumstances it has been thought necessary to place an upper limit on aggregate absorption.
Current Practices in Assessing Water Absorption

Current British Standard
According to BS:812 Part 2 [30] , an aggregate sample of around 2 kilograms needs to be washed on a sieve in order to both remove fine particles and drain away the water. The prepared sample is then covered with water for 24 hours (h) ± 0.5 h to ensure that all the pores and voids inside the aggregate are filled with water. After that, the surface water of aggregate needs to be removed by a cloth or towel until the appearance of the suface looks damp. Then, the aggregate is weighed (Mass A) in a saturated surface-dried condition. The oven-dried mass of aggregate (Mass B) is then obtained after drying in an oven at 105 ± 5°C for 24 h ± 0.5 h. The following Equation (1) gives the water absorption:
Equation (1) Where A is the mass of the saturated surface-dried aggregate in air (in g); and B is the mass of the oven-dried aggregate in air (in g).
Problems
Based on our observations and experiences in testing the water absorption using the methodology prescribed by BS:812 Part 2 [30] , three problems exist in testing recycled aggregate:
1. Drying at 105 ± 5°C to obtain the oven-dried mass of aggregate may remove water chemically incorporated in the crystal structure of compounds in the mortar attached to the aggregate. The water present in some of these compounds can be freed upon reaching temperature of more than 100°C [31] ; for example, Equation (2) shows the effect in the removal of crystallized water:
Therefore, removing the crystallized water will give a misleading level of water absorption of aggregate 2. The soaking time before reaching full saturation for recycled aggregate varies from the conditions of surface cement pastes on aggregate. Our experiments, the results of which are presented in a following section of this paper varies in relation to the nature of the aggregate surface.
3. The BSI approach requires surface-drying the aggregate with a cloth or towel. However, the soaking of aggregate in water may detach some cement paste sticking on the surface of aggregate which may be removed during drying thus significantly reducing the oven-dried mass of aggregate and restricting the accuracy of the testing result.
Based up on the above problems in using the current British Standard, an unrealistic result on Heat water absorption value is obtained for recycled aggregate as a reduced mass of aggregate is used for the assessment due to flaking-off of some cement mortar attached on the surface of old aggregate. However, until now, no other alternative method has been available in providing an accurate assessment of water absorption of recycled aggregate.
New Assessment Methods
Real-Time Assessment of Water Absorption
To overcome the above problems, a new approach to assess the water absorption of recycled aggregate is needed. The following presents an alternative methodology named Real-Time Assessment of Water Absorption (RAWA), which provides an easier way to obtain the water absorption at different time intervals and without the need of soaking and drying the recycled aggregate, thus giving a more accurate result.
The major principle in determining the water absorption by RAWA is the same as the BSI approach: the percentage of water absorbed by the recycled aggregate. In RAWA, the oven-dried mass of aggregate (5 to 40mm) (Mass B) is obtained first by placing them in an oven at 75 ± 5°C; this removes the free water in the aggregate without losing the crystallized water. The temperature needs to be maintained for at least 24 h ± 0.5 h or longer until there is no further loss in weight of the sample. After that, the aggregate is placed into a pyknometer (see Figure 1 ) which is then fully filled with distilled water that is free from any impurity and dissolved air at time, T 0 (to ensure that the pyknometer is full, the entrapped air can be 
Equation (3)
Where B is the oven-dried mass of the aggregate in air (in g); T i is the time intervals by which the aggregate sample is immersed in water; and M i is the mass of pyknometer and aggregate with the set-up full of water at T i (in g).
The total water absorption (as % of dry mass) of the saturated surface-dried aggregate at T s can be calculated from Equation (4):
Equation (4)
Where M s is the mass of the whole set-up full of water at T s ; and M 0 is the mass of the set-up at T 0 .
Experimental Results
This method is suitable for any size of aggregate (from 5 to 40mm), and the values of water Three tests for each sample of aggregate were conducted. Table 1 summarizes the results of RAWA while Table 2 show the results of test 1 on the change in water absorption over time 
Benefits
In measuring water absorption using RAWA, there are two major benefits when compared with the traditional BS testing approach:
1. Using the traditional testing approach, the cement mortar sticking to the recycled aggregate can easily be dislodged during the repetitive soaking and drying processes.
RAWA can help preserve all the mortar sticking to the recycled aggregate particles. A more accurate result can be obtained, based upon which, more accurate mix design and batching can be developed.
2. A standard of twenty-four hours for measuring water absorption under the traditional testing approach is not appropriate for recycled aggregate due to the different extent to which cement paste can be attached to the particles resulting from the crushing process.
The experiments show that the time required to fully saturate the recycled aggregate depends on the mortar remaining on the aggregate. In most cases, measure the time required to fully saturate recycled aggregate takes more than twenty-four hours. RAWA can be used to measure time period required to fully saturate recycled aggregate under different surface conditions. Further, the results of the experiment show that the water absorption rate is larger in the first 5 hours. This produces up to 80% of the total water absorption. The results of the standard 24-hour measurement are only 5.72% and 8.28%
compared to values of 5.92% and 8.72% for Samples 3 and 4 respectively. RAWA also helps mix designers in understanding the behaviour of recycled aggregate in a concrete mix.
Conclusions
In adopting recycled aggregate to produce recycled aggregate concrete, the properties and behaviors of recycled aggregate should be determined accurately. The current BSI method in assessing water absorption of aggregate is not suitable for recycled aggregate. Patches of cement pastes attached to the surface of recycled aggregate may affect water absorption in a manner different to conventional aggregate. Because of this, the standard duration of 24 hours of saturation is not suitable for recycled aggregate. In order to affect by the amount of cement paste sticking on the aggregate, it varies from site to site after crushing from which the recycled aggregate was generated. In order to obtain the water absorption rates and the corresponding soaking time, RAWA is proposed to provide values of water absorption at different time intervals. Further, the proposed method can avoid the removal of the cement paste during the soaking and drying process of the recycled aggregate sample. The new approach is simpler and more accurate in measuring the genuine water absorption rate of recycled aggregate. The method has been tested and proven to be a good alternative for measuring water absorption of recycled aggregate.
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